Subjects with heart failure (HF) and a preserved ejection fraction (EF) are heterogenous and the EF used to define this syndrome varies considerably among studies. We sought to determine if physiologic differences exist between subjects with a normal EF (>55%) or mildly decreased EF (40% to 55%). 357 consecutive Chinese patients who were healthy (n ‫؍‬ 93) or had HF (n ‫؍‬ 264) underwent comprehensive echocardiography, Doppler analysis, and measurement of neurohormones. Subjects with HF were stratified by EF into those with normal EF (>55%, n ‫؍‬ 128), mildly decreased EF (40% to 55%, n ‫؍‬ 38), or moderate to severely decreased EF (<40%, n ‫؍‬ 100). Employing noninvasive pressurevolume analysis, estimated end-systolic and end-diastolic pressure-volume relations were calculated. Subjects with HF and an EF 40% to 55% more often had a previous myocardial infarction and diabetes than those with HF and an EF >55%. Physiologically, the cohort with a mildly decreased EF had eccentrically enlarged ventricles with evidence of remodeling (rightward shifted end-diastolic pressure-volume relation) and decreased chamber contractility (downward shifted end-systolic pressure-volume relation) most comparable to subjects with overt systolic HF. In conclusion, in subjects with HF and a preserved EF, there are distinct physiologic differences between those with a normal (>55%) and a mildly decreased (40% to 55%) EF. The purpose of this study was to assess and compare clinical features and ventricular properties (characterized by pressure-volume relations) in patients with heart failure (HF) and normal (Ͼ55%), preserved (40% to 55%), and decreased (Ͻ40%) ejection fraction (EF). For this purpose, we employed noninvasive estimates of pressure-volumebased indexes of chamber function to test the hypothesis that these populations differ from a physiologic perspective.
Subjects with heart failure (HF) and a preserved ejection fraction (EF) are heterogenous and the EF used to define this syndrome varies considerably among studies. We sought to determine if physiologic differences exist between subjects with a normal EF (>55%) or mildly decreased EF (40% to 55%). 357 consecutive Chinese patients who were healthy (n ‫؍‬ 93) or had HF (n ‫؍‬ 264) underwent comprehensive echocardiography, Doppler analysis, and measurement of neurohormones. Subjects with HF were stratified by EF into those with normal EF (>55%, n ‫؍‬ 128), mildly decreased EF (40% to 55%, n ‫؍‬ 38), or moderate to severely decreased EF (<40%, n ‫؍‬ 100). Employing noninvasive pressurevolume analysis, estimated end-systolic and end-diastolic pressure-volume relations were calculated. Subjects with HF and an EF 40% to 55% more often had a previous myocardial infarction and diabetes than those with HF and an EF >55%. Physiologically, the cohort with a mildly decreased EF had eccentrically enlarged ventricles with evidence of remodeling (rightward shifted end-diastolic pressure-volume relation) and decreased chamber contractility (downward shifted end-systolic pressure-volume relation) most comparable to subjects with overt systolic HF. In conclusion, in subjects with HF and a preserved EF, there are distinct physiologic differences between those with a normal (>55%) and a mildly decreased (40% to 55%) EF. The purpose of this study was to assess and compare clinical features and ventricular properties (characterized by pressure-volume relations) in patients with heart failure (HF) and normal (Ͼ55%), preserved (40% to 55%), and decreased (Ͻ40%) ejection fraction (EF). For this purpose, we employed noninvasive estimates of pressure-volumebased indexes of chamber function to test the hypothesis that these populations differ from a physiologic perspective.
Methods
Study subjects were inpatients or outpatients seen at the People's Liberation Army General Hospital (Beijing, China) from September 2005 to February 2008. Consecutive patients (n ϭ 564) seen during that period who had a clinical syndrome of HF (see following criteria) or were without signs of heart disease, without significant pulmonary disease or were admitted for noncardiac complaints (e.g., fever, pulmonary infections, cellulites, etc.) underwent standardized clinical examination, research echocardiography, and evaluation of neurohormones, which were performed without interruption of a subject's medical therapies. The protocol was reviewed and approved by the institutional review board of the Chinese People's Liberation Army General Hospital and all subjects provided written informed consent.
Pertinent data from all patients included in this study were reviewed by 2 cardiologists to adjudicate the presence or absence of HF based on Framingham criteria 1 and European Society of Cardiology criteria 2 ; the latter were employed when the EF was Ͼ50%. Data that were reviewed for this adjudication process included history, physical examination, report of chest x-ray, medication usage, echocardiogram, and blood test results.
Control subjects were identified after a detailed health investigation including history, physical examination, blood tests (e.g., hemoglobin, hepatic function, renal function, blood glucose, lipid panel), chest x-ray, electrocardiogram, and echocardiogram did not demonstrate any abnormality. Specifically excluded from this control group were patients with hypertension, coronary heart disease, diabetes mellitus, renal insufficiency, cardiomyopathy, congenital heart disease, arrhythmias, or chronic obstructive pulmonary diseases. In subjects identified with HF, subjects with known hypertrophic or infiltrative disorders, with the former defined not only by clinical history but also by the presence of a left ventricular wall thickness Ͼ15 mm in the setting of a nondilated left ventricle (e.g., left ventricular internal di-mension in diastole Ͻ45 mm) in the absence of a known stimulus (e.g., hypertension), 3, 4 were excluded from this analysis (n ϭ 10). From this population we identified 4 groups of patients: (1) those without any cardiovascular disease (control), (2) those with HF and a normal EF (Ͼ55%, HFNEF), (3) those with HF and a preserved EF (40% to 55%, HFPEF), and (4) those with HF and a decreased EF (Ͻ40%, systolic HF). An EF Ͼ55% was employed to define normal because the lower boundary of EF for our controls was 55%.
A professional ultrasound guidelines council technician obtained a complete echocardiogram with the use of a Sequoia 512 ultrasound instrument with a 3.5-to 4.5-MHz sector scanner (Siemens, Munich, Germany). Blood pressure was measured by standard cuff sphygmomanometer in the supine position after a subject rested comfortably for 5 minutes immediately before the performance of echocardiography. Two-dimensional guided M-mode measurements of systolic and diastolic chamber dimensions and wall thickness were obtained according to recommendations of the American Society of Echocardiography, 5 and left ventricular mass was derived from a formula described by Devereux and Reichek 6 and indexed to body surface area. Valvular regurgitation and stenosis were assessed by standard techniques. Left ventricular end-diastolic and end-systolic volumes and left ventricular EF were calculated with the Simpson biplane method.
Transmitral Doppler left ventricular filling recordings were performed from the apical 4-chamber view and analyzed for diastolic filling indexes, including peak E-and A-wave velocities and their ratio, along with deceleration time. Early diastolic flow propagation velocity in the left ventricle was obtained by a color M-mode Doppler image of left ventricular filling flow in early diastole in the apical 4-chamber view. Early diastolic flow propagation velocity in the left ventricle was measured as the slope of the first aliasing velocity (usually approximately 50% to 75% of the E wave) during early filling, from the mitral valve plane to Ն2 cm distally into the left ventricular cavity at a sweep speed of 100 mm/s. Tissue Doppler imaging was performed in apical 4-chamber and 2-chamber views, and a 1.5-mm sample volume was placed sequentially at the 4 sites of the mitral annulus (septal, lateral, anterior, and inferior) to obtain peak regional myocardial sustained systolic and early diastolic velocities. The velocity from each of the 4 ventricular sites was averaged and the former was used to calculate the time constant of isovolumic relaxation (), which was derived from this formula: ([14.70 -mitral annular early diastolic velocity]/0.15). 7 Parameters of isovolumetric contraction time, ejection time, and isovolumetric relaxation time were measured by tissue Doppler imaging. Left ventricular end-diastolic pressure was estimated by the formula end-diastolic pressure ϭ 11.96 ϩ 0.596 ϫ E/Em. Parameters of end-systolic and end-diastolic pressurevolume relations were estimated using validated single-beat techniques. For the end-systolic pressure-volume relation, this yielded values for the slope and volume axis intercept of the end-systolic pressure-volume relation according to the methods of Chen et al. 9 To account for covariance between the slope and volume axis intercept of the endsystolic pressure-volume relation, we also calculated the integrated index of systolic properties defined by the volume at an end-systolic pressure of 120 mm Hg (120/slope of end-systolic pressure-volume relation ϩ volume axis intercept of end-systolic pressure-volume relation). For the enddiastolic pressure-volume relation, we estimated parameters of the equation, end-diastolic pressure ϭ ␣EDV ␤ , where ␣ is a scaling constant, EDV is end-diastolic volume, and ␤ is a diastolic stiffness constant according to the methods of Klotz et al. 10 To account for covariance between ␣ and ␤, 11 which affect the shape and position of the end-diastolic pressure-volume relation, values of these parameters derived from each subject were used to predict end-diastolic volume at a common end-diastolic pressure of 30 mm Hg ([30/␣] 1/␤ ) to yield an index of ventricular capacitance.
Effective arterial elastance, a lumped index of vascular hemodynamic load primarily related to total peripheral resistance and heart rate, was estimated as arterial elastance Ϸ stroke volume/Pes, 12 where Pes is left ventricular end-systolic pressure estimated by 0.9 ϫ systolic blood pressure. 13 Blood pressure was measured 3 times just before the echocardiographic examination after Ն½-hour rest.
Blood samples for natriuretic peptide assay were obtained after 10 minutes of rest within 12 hours (after or before) of echocardiographic examination. Samples were shifted into ethylenediaminetetra-acetic acid-anticoagulated tubes immediately and were sent to the laboratory for centrifugation. Upper plasma was collected for storage at Ϫ80°C. B-type natriuretic peptide was measured by sandwich immunoassay using commercially available kits (Abbott Laboratories, Abbott Park, Illinois) and N-terminal pro-B-type natriuretic peptide was tested by electrochemiluminescence immunoassay (Roche E 170 Diagnostics, Basel, Switzerland). Endothelin, renin, angiotensin II, and aldosterone were measured using a highly sensitive radioimmunoassay in the endocrine laboratory of the Chinese People's Liberation Army General Hospital. Specialized staff blinded to clinical data performed all measurements.
Data are expressed as mean Ϯ SD. Among groups, we evaluated the relation between EF and its 2 determinants, end-diastolic volume and stroke volume. One-way analysis of variance with Tukey post-test for multiple comparisons was performed for comparisons of data among groups controlling for differences in age and gender. The primary focus of these comparisons was in subjects with HF and an EF of 40% to 55%, referred to as HFPEF. All statistical analyses were performed with SAS 9.1 (SAS Institute, Cary, North Carolina). A p value Ͻ0.05 was considered statistically significant.
Results
Demographic and clinical characteristics of the different cohorts are presented in Table 1 . Subjects with HFPEF did not differ in age or gender compared with subjects with systolic HF, whereas those with HFNEF were older and more often women. In subjects with HFPEF, hypertension was less frequent compared with subjects with HFNEF but more frequent than in subjects with systolic HF. This was reflected by higher blood pressure in the HFNEF cohort and a higher rate of ␤-blocker and calcium channel blocker use. Although the cohorts with HF did not differ with regard to the prevalence of coronary heart disease overall, the prevalence of myocardial infarction was significantly more common in subjects with HFPEF and systolic HF than in those with HFNEF. Atrial fibrillation was more common in the HFNEF cohort compared with the HFPEF cohort, whereas diabetes was more common in the latter group. Values of selected blood test are listed in Table 2 . Renal function was worse in the HFNEF and HFPEF cohorts compared with the normal and systolic HF cohorts. B-type natriuretic peptide, N-terminal pro-B-type natriuretic peptide, and renin were moderately increased in the HFNEF and HFPEF groups (which did not differ significantly from each other) and were markedly increased in subjects with systolic HF. Angiotensin II, aldosterone, and endothelin did not differ among groups, with the exception of endothelin, which was mildly increased in the HFNEF group.
Echocardiographic indexes are presented in Table 3 . Subjects with HFPEF demonstrated alterations in ventricular chamber size and function (namely diastolic and systolic internal dimensions, diastolic and systolic volumes, fractional shortening, and EF) that were, for the most part, midway between those of patients with HFNEF and those with systolic HF. As shown in Figure 1 , decreases of EF across the predefined subgroups were linked with increases in end-diastolic volume (p Ͻ0.05 for comparison of all subgroups by analysis of variance). Wall thicknesses were greater in the HFNEF and HFPEF groups, but left ventricular mass and mass index were increased comparably in the systolic HF and HFPEF groups. End-diastolic volume/left ventricular mass ratio increased progressively in the HF-NEF, HFPEF, and systolic HF groups, indicating an increasing degree of eccentric remodeling. Left atrial size was increased similarly in all HF cohorts. Interestingly, stroke volume index did not differ among cohorts, with the exception of the HFPEF group, where it was slightly increased compared with the normal group (Table 3 and Figure 1 ).
Doppler measurements of diastolic function demonstrated progressive impairments as EF decreased, with the most severe abnormalities in those with the lowest EF. Tissue Doppler velocities showed progressive decreases in annular velocity in the HF cohorts and progressive increases in mitral flow propagation velocity (Table 4) . Estimated values of left ventricular end-diastolic pressure and (time constant of relaxation) increased progressively from the normal to the HFNEF to the HFPEF to the systolic HF group.
Group-averaged noninvasively estimated end-systolic and end-diastolic pressure-volume relations are presented in Figure 2 and Table 5 . Compared with the normal group, the end-systolic pressure-volume relations of HFNEF hearts did not differ but the end-diastolic pressure-volume relations were slightly shifted rightward. In the systolic HF group, the end-systolic and end-diastolic pressure-volume relations were markedly shifted toward larger volumes. End-systolic and end-diastolic pressure-volume relations of the HFPEF group were significantly rightward shifted, although not as dramatically as those of the systolic HF group. Differences in chamber properties are revealed by the comparison of values of volume at an end-systolic pressure of 120 mm Hg, whereas differences in chamber capacitances are revealed by the comparison of values of end-diastolic volume at a common end-diastolic pressure of 30 mm Hg (Table 5) . Effective arterial elastance, the lumped index of ventricular afterload, did not vary significantly between cohorts. However, the ratio of arterial to chamber elastance was increased mildly in the HFNEF group, was increased moderately in the HFPEF group, and was increased markedly in the systolic HF group, indicating a progressively severe degree of ventricular-vascular mismatch.
Discussion
Similar to previous investigations 14 we have demonstrated that subjects with HF and a normal EF (Ͼ55%) differ in their clinical and demographic characteristics from subjects with mildly (40% to 55%) and severely (Ͻ40%) decreased EF. Specifically, the former group more often consists of older women with long-standing hypertension, whereas the presence of coronary artery disease, and specifically myocardial infarction, is less common than in subjects with HF and a decreased EF. In addition to these clinical and demographic differences, we were able to dem- onstrate, using comprehensive noninvasive characterization of ventricular and vascular properties by pressure-volume analysis, that these cohorts also differ on a pathophysiologic basis.
In particular, subjects with a mildly decreased EF (i.e., the HFPEF cohort) demonstrated significant abnormalities of ventricular size and function that, on the pressure-volume plane, were more similar to those of patients with overt systolic dysfunction than to those with HFNEF. Despite mild decreases in their EF, the ventricles of these subjects were markedly enlarged and demonstrated eccentric remodeling, along with shifts in the end-systolic pressure-volume relation that demonstrated significantly decreased chamber contractility. Based on comprehensive analysis of Doppler measurements of diastolic filling, abnormalities were identified in almost all subjects with HF in this study, irrespective of EF. Moreover, left atrial enlargement and increases in natruretic peptides consistent with increased filling pressures were found in all cohorts with HF. Collectively, these data confirm previous findings 15, 16 that such measurements are not useful for distinguishing subgroups of patients with HF. Rather, using noninvasive imaging and single-beat techniques to estimate parameters derived from pressure-volume analysis, subgroups of patients with HF based on EF were determined to have characteristic pathophysiologic phenotypes. Most importantly, patients with mildly decreased EF (40% to 55%), despite only mildly dilated left ventricular dimensions by 2-dimensional echocardiography, had significant ventricular remodeling (e.g., rightward shift in end-diastolic pressure-volume relation) and decreases in chamber contractility. This is markedly different from the physiologic parameters displayed in the cohort with HFNEF (with an EF Ͼ55%) and more similar to the phenotype observed in patients with overt systolic HF (with an EF Ͻ40%).
It is increasingly recognized that the cohort with HFNEF constitutes a heterogenous cohort with potentially multiple underlying pathophysiologic mechanisms contributing to the observed phenotype. In our subjects with HFNEF, we observed a higher prevalence of hypertension and atrial fibrillation than in other cohorts with HF, suggesting an important pathophysiologic role. Although left ventricular hypertrophy is often cited as an important pathophysiologic feature, wall thickness was only minimally increased in subjects with HFNEF compared with controls. Rather, abnormal ventricular remodeling (e.g., volume/mass ratio) was a differentiating feature, being decreased in subjects with HFNEF compared with normals and increased compared with normals in subjects with HFPEF and systolic HF. Doppler measurements of diastolic function were more abnormal in the HFNEF cohort than controls despite the presence of an end-diastolic pressure-volume relation that was rightward and downward shifted compared with controls, suggesting a predominate role for a generalized volume overload state or a shift of volume to the central circulation. Indeed, several causes of volume overload including renal dysfunction and anemia were more commonly observed in the HFNEF cohort.
The primary importance of identifying different subgroups of patients with HF is because the mechanism(s) of disease, prognosis, and optimal treatment can differ between groups. Until this is disproved, it is important to continue the search for the best method of subdividing patients for the purpose of clinical trials. EF has been the primary method for defining cohorts of subjects with HF. Because EF is a continuous variable, as emphasized in Figure 1 , any cutoff used to categorize patients with HF into different subgroups is clearly arbitrary. For example, it would not be expected that the characteristics of patients with HF with an EF of 57% would differ significantly from those with an EF of 53%, although in the present study these patients are lumped into different groups. However, the results of the present study demonstrate that patients with HF with an EF of 45% are clearly and markedly different than those with an EF of 65% and inferences regarding primary pathophysiologic mechanisms operative in these 2 cohorts can be made.
The lack of discrete EF subgroups across the spectrum of HF, a consistent finding among many studies, has resulted in questions about the utility of EF to segregate patients with HF and lead to other concepts about pathophysiology. 17 Some have suggested that rather than employing EF as a means of subdividing patients with HF, HF should be considered 1 pathophysiologic entity encompassing a continuous spectrum of closely related phenotypes. 18 In this view, underlying myocardial dysfunction is present in the early stages of HF syndrome when diastolic abnormalities predominate. Compensatory neurohormonal activation and left ventricular hypertrophy serve to maintain a normal EF. However, over time, the phenotype can progress or be modified by treatment. 17, 18 Supporting data comes from several studies 19 -23 and our own data (Table 4) showing depressed systolic mitral annular amplitudes in subjects with HF compared with normal controls, suggestive of myocardial dysfunction, which progresses as the EF declines. The findings of a previous study in severely hypertensive rats are also consistent with this view. 24 Another view, which we promote, is that patients should be sub-grouped according to the primary mechanism of myocardial insult (e.g., infarction, hypertension, infiltration, etc), regardless of EF, as has been done for systolic HF. 25 On a practical level, several ongoing clinical trials of various pharmacologic therapies in patients with HF and a normal or preserved EF have been completed 26 -28 or are in progress. 29, 30 Although these trials have recruited subjects with HF and an average EF of Ͼ50%, a large portion of subjects in these trials have an EF that is not normal. In the Candesartan in Heart failure: Assessment of Reduction in Mortality and morbidity (CHARM) and Dig-Preserve studies, 35% and 25%, respectively, had an EF Ͻ50%. The demographic features of patients with an EF Ͻ50% in these trials were predominantly men with a high prevalence of previous myocardial infarction. These characteristics are similar to what we observed in our HFPEF population and, importantly, differ significantly from the cohort with HFNEF who are more typically women with long-standing hypertension. 14 Of note, subgroup analyses of the results of those completed trials stratified by EF have not been published. Based on the discussions presented earlier, it is pertinent to question whether pooling data from all patients with EFs Ͼ40% is appropriate, because the clinical and pathophysiologic phenotypes of patients in the different EF ranges can be significantly different. Determination of whether the outcomes are driven by an effect in 1 population compared with another 850 The American Journal of Cardiology (www. AJConline.org) could be vital and may influence the conclusions of a clinical trial and, ultimately, practice guidelines for different patients.
The primary limitation of this study is the use of noninvasive methods to derive measurements of left ventricular performance and the fact that measurements were obtained only at rest. The use of invasive left ventricular monitoring is the gold standard for derivation of pressure-volume loops and end-systolic and end-diastolic pressure-volume relations. Because such methods are invasive, they are impractical for studying large numbers of patients. Several limitations of noninvasive estimates have been noted including an inability to quantify the effect of impaired relaxation (e.g., prolonged ) on the end-diastolic pressure-volume relation and the confounding effect of wave amplification on estimates of end-systolic pressure. A second notable feature of this study is that it was performed in a racially homogenous Chinese population. Because it is clear that ethnicity (and gender) can be an important factor in disease mechanism, our study is free from such confounding factors. Additionally, the cohorts had a low prevalence of concomitant obesity, which is not typical of the population in the United States, where obesity and HF, especially with a normal EF, are tightly linked. However, these aspects of our study may limit the applicability of the results to other populations. Although we attempted to quantify the duration over which HF symptoms were present to study whether there was evidence of a time progression of disease, we found this to be a difficult and unverifiable (and therefore unreliable) process; we abandoned efforts related to this endeavor. Longitudinal analysis is best suited to evaluate this issue.
